Introduction

36
Social insects rely on chemical communication to function effectively; within the 37 colony, pheromones mediate foraging, aggregation, defense, reproduction, and other essential 38 processes [1, 2] . Recognizing reproductive castes (queens in social hymenopterans, queens 39 and kings in termites) is especially important to preserve the royal-worker division of labor 40 and to ensure proper care for these high-value individuals. Royal pheromones and 41 recognition behaviors have been well studied in ants, bees, and wasps, but have received 42 little attention in termites. Pheromones largely mediate and guide the behavior and 43 physiology of sterile castes in social hymenopteran colonies, with some notable exceptions 44 that include visual signals and tactile/physical interactions [3] [4] [5] . Pheromones in general and 45 more specifically royal (usually queen) pheromones are generally classified into those that 46 elicit immediate behaviors (releaser pheromones) and those that induce long-term 47 physiological changes in sterile worker castes (primer pheromones). Identifying these 48 compounds and elucidating their effects and glandular origins have received increasing 49 attention in social insect biology. 50 Distantly related to the social Hymenoptera, termites share life history traits and 51 ecologically important roles with ants, bees, and wasps. Termites tend to exhibit a more 52 flexible developmental pathway than their hymenopteran counterparts, as most individuals in 53 colonies of many lower termites, including subterranean termites (Blattodea: Isoptera: 54 Rhinotermitidae), retain the ability to develop gonads and molt into functional worker-55 derived reproductives called neotenics [6, 7] . Neotenics can also develop from nymphs that 4 56 normally develop into winged primary reproductives. Active queens and kings inhibit 57 reproductive development in other colony members and most likely use chemical signals to 58 do so. Additionally, because reproductively active males (kings) stay within the nest, termites 59 appear to employ both queen-and king-specific pheromones to preserve the reproductive 60 division of labor in each sex and elicit care from workers [8] [9] [10] . 61 The first termite queen primer pheromone was identified in the Japanese subterranean 62 termite (Reticulitermes speratus) as a blend of two highly volatile compounds-2-methyl- butanol and n-butyl-n-butyrate-which inhibit the reproductive differentiation of female 64 workers and nymphs into supplementary reproductives [10] . Although reproductive-specific 65 volatile compounds and long-chain hydrocarbons have been found in Nasutitermes 66 takasagoensis and Zootermopsis nevadensis, respectively, their functions have not been 67 evaluated [11, 12] . Thus, only one releaser pheromone involved in royal recognition has 68 recently been described in termites [13] . It is possible that the search for these compounds 69 has been impeded by the rarity and fragility of termite reproductives, the paucity of termite 70 researchers, or the lack of robust bioassays to measure the physiological or behavioral effects 71 of presumptive queen and king pheromones. 72 Foundational work on queen-recognition in bees and fire ants involves ketones, 73 esters, alcohols, and fatty acids [14, 15] . However, queens from a number of other social 74 hymenopteran species possess unique cuticular hydrocarbons (CHCs) that correlate with 75 ovary activation and often elicit queen recognition [16] [17] [18] We assessed the differential responses of worker and soldier termites to neotenic 286 queens and kings, workers, and soldiers (Fig 1) . Shaking behavior occurred ~5-8-fold more 287 in response to a neotenic queen or king than to a worker or soldier (Fig 1B) . Differences in 288 antennation were less pronounced, showing a ~2-3-fold increase in response to reproductives 289 ( Fig 1D) . Though not pursued in other assays, allogrooming and movement rates both 290 showed patterns across caste. Grooming by the focal termite (active grooming) was almost 291 exclusively performed by workers and the introduced focal workers groomed resident 292 termites significantly more than other castes (Fig 1E) . Queens elicited significantly more 15 293 allogrooming (reactive allogrooming) than workers, soldiers, or kings (Fig 1F) . Workers 294 moved around the assay dish significantly more than soldiers and kings, and both workers 295 and queens spent ~2X more time moving in the assay dish than other castes (Fig 1G) . While 296 significant differences were found between castes for multiple behaviors, reactive shaking 297 and antennation were the primary indicators of royal status. 
Behavioral assays in light and dark conditions
312
To optimize the behavioral assay we conducted observations in the photophase and 313 scotophase and under light and dark conditions. There were no significant differences in the 314 shaking (Fig 2A) or antennation responses (Fig 2B) In assays comparing responses to native and foreign workers and neotenic queens, 337 workers and soldiers showed no overt aggression toward queens or workers introduced to 338 dishes during the assay (CF, personal observations). However, both nestmate and foreign 339 neotenic queens elicited strong shaking responses that were about four times higher than 340 those elicited by nestmate and foreign workers (Fig 3A) . Likewise, more antennation 341 responses were elicited by nestmate neotenic queens than by nestmate workers, and foreign 342 queens elicited more antennation responses than foreign workers (Fig 3B) . Therefore, in 343 some subsequent assays, foreign neotenic queens, which elicited strong responses similar to 344 nestmate queens, were used, as noted, when nestmate queens were not available. neotenic queens and kings to glass dummies, which were introduced into assay dishes. We 390 used the extract of 6 workers (6 WE) as negative control and 0.1 to 3 neotenic queen-or 391 king-equivalents in a dose-response study. Shaking responses increased significantly with the 392 dose of either queen- (Fig 5A) or king extracts (Fig 6A) , with both 1 and 3 QE treatments 393 and the 1 KE treatment being significantly higher than the respective worker extract controls. 394 Antennation responses to introduced glass dummies were uninformative in these assays. 395 Although termites responded to queen-extracts in a dose-dependent manner (Fig 5B) , their 396 antennation responses to 3 QE and worker extracts were not significantly different.
397
Antennation responses to king extracts on glass dummies were not significantly different 398 across all treatments (Fig 6B) . The presence or absence of aggression (lunging behavior toward glass dummies) was 430 also recorded in all assays (Fig 7) . More aggression (65%) was directed at the control 431 dummies coated with hexane than at workers (20%), kings (0-30% across concentrations), 432 and queens (5-25% across concentrations). All extracts elicited significantly less worker 433 aggression than the control dummies (Chi-square test, workers: df = 1 p < 0.017, kings: df = 434 5, p < 0.0001, queens: df = 5, p < 0.0001) (Fig 7) . (Fig 7) , suggesting that these extracts likely contain colony recognition cues 527 and can mitigate aggressive behaviors toward foreign objects. The behavioral assays we In conclusion, we report a highly discriminating bioassay that quantitatively related 546 shaking behavior in workers and soldiers to presence of a neotenic queen or king. We further 547 showed that queen and king cuticular compounds elicited this behavior. Our bioassay should 548 prove to be useful for future research to identify specific royal pheromones, the social status 
